Coupling of acoustic and optical phonons to excitons in single InGaAs/GaAs quantum dots is investigated in detail experimentally and theoretically as a function of temperature. For the theoretical description of the luminescence spectrum, including acoustic and optical phonon scattering, we used the exactly solvable independent boson model. Surprisingly, only GaAs bulk-type longitudinal-optical (LO) phonons are detected in experiment. A quantitatively correct theoretical description of the optical-phonon replica is obtained by including a limited lifetime of the phonons and the dispersion of the LO phonon energy. Similarly, a numerically correct description of the acoustic phonon wings is again based on GaAs bulk material parameters for the phonon dispersion and deformation coupling. In addition, the line shape of the calculated spectra agrees with experiment only when realistic wave functions (e.g., based on eight-band k·p theory) are used for the electron-phonon coupling matrix elements. Gaussian wave functions describing the ground state of a harmonic oscillator fail to describe high-energy tails. Thus, fundamental insights of importance for the correct prediction of properties of nonclassical light sources, based on semiconductor nanostructures, are obtained.
Single self-organized semiconductor quantum dots (QDs) (Ref. 1) are most promising for the on-demand generation of single polarized photons as q-bits [2] [3] [4] or entangled photon pairs. [5] [6] [7] [8] [9] Since QDs can be easily embedded in electrically pumped p-n junctions, compact nanophotonic 10 and nanoelectronic 11 devices can be and have been developed. In contrast to single photon emitters, based on atomic systems, 12 the coupling of a QD to its semiconductor matrix drastically influences the properties of the photons. In particular, the excitonic recombination process is accompanied by a lattice distortion and the generation of polarons. 13, 14 This scattering process between the exciton and the phonon leads to a dephasing that results in a reduction of the coherence length of the photons. However, most quantum optic experiments, such as those on indistinguishable photons or quantum cryptography systems using double Mach-Zehnder interferometers, 15 require long coherence length. Also, theory predicts that exciton-phonon scattering may be the limiting factor for generation of entangled photon pairs. 16, 17 On the other hand, luminescence broadening by phonon scattering is useful in experiments on the strong light-matter coupling: The phonon-assisted luminescence can be amplified by the cavity and can be observed even in micropillars containing only a single QD. 18 Hence, to study the strong lightmatter coupling theoretically, 19, 20 a complete luminescence spectrum, including phonon scattering, must be used.
Phonon scattering has been mostly studied until now on polar CdSe QDs, in which the phonon coupling is much stronger than, for example, in the nonpolar InGaAs QD system. The latter one, however, was most successful for device applications in the past decade, such as for the generation of electrically driven single photons and entangled photon pairs.
3,4,9 Photoluminescence measurements on ensembles of InGaAs QDs lead to the conclusion that coupling to optical phonons might be enhanced in QDs as compared to bulk material. 21 The line shape of a single longitudinal-optical (LO) phonon replica has, however, never been studied experimentally. In this respect, electrically pumped single QDs allow us to study the exciton-phonon interaction on the fundamental level: A single electron-hole pair recombines under generation of a single photon and a phonon.
A number of theoretical approaches exist to describe, at least in part, exciton-and electron-LO phonon interaction. One of them suggested the importance of a second-order elastic interaction between QD charge carriers and LO phonons. 22 The resulting Gaussian shape of the LO replica was, however, found to be an artifact. 23, 24 Another strong-coupling model suggested a coupling of LO phonons to excited electronic states in the QD or the wetting layer, 25, 26 leading to a more triangular shape of the LO phonon replica. Only recently, an exact solution of the electron-phonon interaction in the quantum optical regime was presented. 27 None of the models has yet been compared with experimental data on single QDs so far.
In this Rapid Communication we report on a comprehensive study of both exciton-acoustic and optical-phonon interaction in a highly efficient single-photon source, based on an electrically driven single InGaAs/GaAs QD. By comparing experimental data with calculated spectra, we demonstrate that phonon coupling strongly depends on a correct and not simplified description of the charge-carrier wave function, phonon dispersion, and the lifetime of the phonons.
Our devices consist of InGaAs/GaAs QDs grown by molecular beam epitaxy with a density of 5 × 10 8 cm
embedded in a pin diode structure. Electrical pumping of efficiently only one single QD is achieved by restricting the injection current through an AlO X aperture. In order to increase the photon out-coupling efficiency, a microcavity consisting of 12 and 3 distributed Bragg mirror layers on the bottom and top of the device, respectively, was grown. The resulting cavity has a center energy at 1.292 eV with a Q factor of 140. A detailed description of our device and single-photon emission at a pump repetition rate of up to 1 GHz can be found in Ref. 28 . The electroluminescence (EL) of our device is measured in a microluminescence setup, consisting of a microscope objective [numerical aperture (NA) = 0.8], a triple monochromator with a spectral resolution of 40 μeV, and a liquid-nitrogen-cooled charged couple device detector. In order to obtain spectra with a sufficient large intensity dynamic range, we sum up a series of spectra with 10 s integration time each. The electroluminescence from only one QD can be studied in detail, due to the strong current confinement in our devices.
At a bias of 1.41 V and a current of 5 nA, we sum up a series of 300 spectra of the exciton emission line for each given temperature. In a semilogarithmic plot ( Fig. 1) , a clear broadening of the emission is visible. The features at −7, −5, and −3.5 meV from the dominating zero phonon line (ZPL) can be attributed to the recombination of other complexes in the QD or to weak luminescence from other QDs. These features vary from device to device and are therefore not related to phonon scattering. These features influence the phonon sidebands and mainly contribute to the difference between theory and experimental data in Fig. 1(b) . The temperature dependence of the exciton peak position has been removed from Fig. 1(a) by plotting the spectra on a relative energy scale. In our experiment the linewidth of the ZPL is limited by the spectral resolution of our setup.
At low temperatures (15 and 35 K), the broad sidebands of the ZPL are asymmetric due to spontaneous phonon emission, with larger intensity at the lower-energy side. For increasing temperatures (50 and 77 K) the broadening increases and becomes symmetric. Such properties of the sidebands are typical for acoustic phonon scattering: By emission or absorption of a phonon, the energy of the emitted photon will be reduced or increased, respectively, by the phonon energy. At lower temperatures, the phonon density n ph is low and therefore, due to spontaneous processes, phonon emission [∼(n ph + 1)] of an (acoustic) phonon has a higher probability than the absorption (∼n ph ). Hence, the resulting spectrum is asymmetric. With increasing temperature the phonon density increases (n ph 1) and the probabilities for emission and absorption become equal, resulting in a symmetric spectrum.
For the theoretical description of the luminescence spectrum, including acoustic phonon scattering, we applied the exactly solvable independent boson model: 13, 29, 30 This model describes the lowest optically active quantum dot transition as a two-level system coupled to phonons by band diagonal interaction. For the numerical evaluation, we used well-known GaAs bulk material parameters for the phonon dispersion and the deformation coupling. 31, 32 Therefore, the line shape of the calculated spectra depends only on the electron-phonon coupling matrix elements that are determined essentially by the wave functions of the electrons and holes in the QD. To gain insight into the microscopic interaction and its sensitivity to the character of the electronic wave functions, we compared Gaussian wave functions (i.e., ground state of a harmonic oscillator) 33 and wave functions calculated for a realistic QD using eight-band k·p theory, 34 respectively. Figure 1 (b) shows the measured spectrum at 15 K in comparison to the theoretical line shape for both wave-function types. For a Gaussian wave function, often used in theoretical studies, the phonon scattering is strongly underestimated for any energy. In contrast to this, k·p wave functions reproduce the measured spectra very well. The main difference between the two wave-function models is their real space behavior, transferred to the decay of the coupling matrix elements in momentum space: In contrast to Gaussian functions, the more realistic eight-band k·p wave functions allow for an interaction at larger wave numbers. Therefore, larger phonon energies have more impact on the acoustic phonon sidebands. The large difference between the two calculated spectra clearly demonstrates the importance of realistic wave functions already for a qualitatively correct description of electron-phonon scattering. The measured spectra can be reproduced with our model by using realistic eight-band k·p wave functions for temperatures of up to 60 K. Another important result of the modeling of the measured spectra is that they are perfectly reproduced by using GaAs bulk phonon parameters only.
The influence of the wave function is also visible in Fig. 2 , where we show the spectral density (containing coupling strength, interaction matrix elements, and phonon dispersion) of the electron-phonon interaction for the two different wave functions. The spectral density at small energies (<10 meV) decays for a Gaussian wave function much faster than for the k·p wave function. This result in energy space can be directly translated to momentum space via the linear dispersion. Even a change of the width of the Gaussian curve never reproduces the measured spectra as well as the eight-band k·p wave function. Now, in order to study scattering processes of optical phonons experimentally, we sum up a series of 1450 spectra of the LO-phonon replica, resulting in a five times longer integration time than for the acoustic phonon. Figure 3 spectrum, and each of them has a "counterpart" in the black spectrum. For other QDs, we also found for almost every intense luminescence line a "counterpart" separated by around −36 meV.
We attribute these corresponding lines to the recombination of an exciton accompanied by the emission of an LO phonon. For different QDs, the phonon energy varies between −35.7 and −36.6 meV with no systematic trend, as compared to the ZPL energy. These energies are comparable to the LO phonon energy of strain-free GaAs bulk material of 36.59 meV. 31 The variation of the phonon energy can be explained by differences in the strain of the GaAs material induced by size and composition of the actual QD. 35 At the energy of the InAs LO phonon replica (30.3 meV), within our intensity dynamic of five orders of magnitude, no luminescence is observed. This is in agreement with the results for acoustic phonon scattering. Consequently, the electron and holes in the QDs interact predominantly with phonons from the surrounding GaAs. The InAs phonon interaction is at least one order of magnitude less. No emission caused by localized InAs-type phonons in the QD is observed. Next, we focus on the coupling strength of the exciton-LO phonon interaction. The coupling strength is usually described by the Huang-Rhys factor, given by the intensity ratio of the ZPL I ZPL and the nth phonon replica I n (at zero temperature) by I n /I ZPL = S n e −S /n!. 36, 37 In Fig. 3 the intensity is normalized with respect to the ZPL. Both emission lines are located outside the cavity resonance in the stop band, so their intensities can be compared. The intensity of the LO phonon replica is about four orders of magnitude lower than the ZPL intensity, resulting in a Huang-Rhys factor of S ≈ 10 −4 . This value is one order of magnitude less than for GaAs bulk phonons, 38 indicating a reduced phonon coupling in our electrically pumped single QD. We additionally derived the Huang-Rhys factor from the calculated spectral density (Fig. 2) . 37 Our calculations yield factors of S ≈ 10 −4 , confirming the experimental result. The line shape of the phonon replicas enables us to access the coupling mechanism between the exciton and the LO phonon: The recombination of an electron-hole pair in a QD has a discrete energy and the linewidth of the ZPL is only limited by the lifetime of the exciton to a few μeV. 39 Therefore, any broadening of the luminescence upon generation of an LO phonon is due to the intrinsic phonon properties or coupling of the phonons to other modes. Figure 3 shows the LO phonon replica at larger spectral resolution. The resulting full width at half maximum of 700 μeV is well above the spectral resolution and about one hundred times larger than for the ZPL. Hence, LO phonons of varying energies are generated during the recombination processes in the same single QD. Also, the line shape is again slightly asymmetric, showing a faster decay on the low-energy side than on the high-energy side. This specific line shape is consistent with a broadening mechanism that results from a realistic wave-number-dependent LO phonon dispersion ω LO (q) beyond the Einstein model ω LO = const: In such a dispersion relation, a higher energy corresponds to a smaller momentum. Since the electron-phonon coupling favors low-momentum phonons, the generation of higher-energy phonons has a larger probability than that of lower-energy phonons, and thus yields an asymmetry of the line shape.
For a quantitative understanding of this coupling mechanism, we compare the experimental results with a model (Fig. 3) , where LO phonon assisted luminescence spectra are calculated using the independent boson model and approximating the real optical-phonon dispersion by a cosine. This approximation agrees very well with the experimentally observed dispersion. 31 For the coupling matrix elements, we again compared Gaussian wave functions and eight-band k·p wave functions, respectively. In contrast to the acoustic phonon coupling, the influence of different wave functions is less pronounced. In Fig. 2 it can be seen that the LO phonon part of the spectral density shows a much faster decay than the acoustic phonon part. Hence the LO phonon replicas for Gaussian and eight-band k·p wave functions differ only slightly. For a complete description of the LO phonon-scattering process, we also included a finite lifetime of 10 ps (Refs. 40 and 41) of the LO phonons. The resulting LO replica in Fig. 3(b) reproduces very well the measured line shape, whereas a line shape with neglected phonon lifetime is too narrow. A perfect fit to the experimental data results in a phonon lifetime of 5 ps.
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Additional phonon replica broadening, due to the influence of excited and wetting layer states, was predicted for the more enhanced electron-phonon coupling in CdSe systems. 25 We could not observe a significant influence in the GaAs material system in our calculations.
In conclusion, we studied the acoustic and optical phonon scattering on the most fundamental level, at which a single photon and a phonon are generated by the recombination of a single exciton in a single electrically driven InGaAs/GaAs QD. By comparing experimental and calculated spectra, we conclude that (i) GaAs bulk material phonon modes represent the dominant broadening mechanism; (ii) localized InAs-type phonons are not observed; (iii) a large LOreplica broadening of ≈700 μeV is induced by interaction with large wave-number phonons, having a finite lifetime; (iv) k·p wave functions are essential for the description of the excitons; and (v) the independent boson model using these wave functions provides the proper wave-vector dependence for a quantitative understanding of the experimental results.
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